the precentral segments, especially the left side, and that PEN scores correlate with rCBF in the right thalamus. The results suggest that CA scores and PEN scores should be differentially estimated in the WCST.
Wisconsin Card Sorting Test and Brain Perfusion Imaging in Early Dementia

Introduction
The presence of frontal or executive deficits in patients with even mild dementia, including Alzheimer's disease (AD), is now widely recognized. In frontotemporal dementia (FTD), poor performance on frontal executive tests is well documented [1, 2] . The cognitive effects of the small vessel cerebrovascular disease are variable, but predominant executive dysfunction is described in 45% of such cases [3] . In addition, Perry et al. [4] found that 15% of minimally impaired patients with AD (MMSE score [24] [25] [26] [27] [28] [29] [30] and 50% of mildly demented patients with AD (MMSE score [18] [19] [20] [21] [22] [23] were impaired on the modified Wisconsin card sorting test (WCST).
The WCST has long been used to investigate deficits in executive function in humans [5, 6] . The subject is asked to match test cards to reference cards according to the color, shape, or number of stimuli on the cards. After a fixed number of correct matches, the sorting rule is changed without notice, and the subject must shift to a new mode of classification. Thus, the WCST measures cognitive flexibility, that is, the ability to alter a behavioral response mode in the face of changing contingencies (set-shifting) [7] . Although the clinical usefulness of the WCST is well documented, the neural substrates involved remain unclear in patients with mild dementia. There are no functional neuroimaging studies of brain regions related to the WCST performance of dementia patients. In the present study, we investigated the relationship between WCST scores and regional cerebral blood flow (rCBF) in order to assess the neural substrates of WCST performance.
In most studies in which rCBF was evaluated by single photon emission computed tomography (SPECT) imaging, stereotaxic region of interest (ROI) analysis was used. However, the reproducibility and objectivity of the results are controversial because small ROIs were placed manually on selected slices of the SPECT images of the patient. Takeuchi et al. [8] [9] [10] developed a fully automated rCBF quantification software program, 3DSRT, that allows objective assessment of rCBF by selecting identical ROIs on anatomically standardized SPECT images.
To explore the neural substrates corresponding to the scores of the WCST, we planned to examine the correlations between WCST performances and the resting rCBF using 3D-SRT in patients with dementia.
Patients and Methods
Ethics
This study adhered to the Declaration of Human Rights (Helsinki, 1975) , and was approved by the internal ethical committee of Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences. After a complete description of the study to the subjects and their relatives, written informed consent was obtained.
Subjects
Fifty-eight consecutive dementia patients who were referred to the Memory Clinic of Okayama University Hospital from January 2003 to December 2006 and fulfilled the following criteria, were included in this study ( table 1 ) . They all (1) underwent general physical and neurological examinations and extensive laboratory testing, including thyroid function tests, serum vitamin B12 and syphilis serology; (2) took the MMSE [11] , a frontal assessment battery (FAB) [12] [13] [14] , within 1 week of scanning; (3) underwent brain SPECT with analysis by 3DSRT as well as head CT and/or head MRI; (4) were diagnosed with AD, FTD, dementia with Lewy bodies (DLB), or vascular dementia (VaD); (5) had a dementia severity of 0.5 (suspicious) or 1 (mild) based on the Clinical Dementia Rating [15] , and (6) gave informed written consent, as did their nearest relatives.
Thirty-one outpatients were diagnosed with AD (9 men, 22 women; age range 62-86 years, mean age 74.8 8 5.7 years), 12 with FTD (6 men, 6 women; age range 48-75 years, mean age 60.2 8 8.1 years), 6 with DLB (2 men, 4 women; age range 71-80 years, mean age 73.7 8 3.3 years), and 9 with VaD (7 men, 2 women; age range 57-79 years, mean age 69.6 8 8.3 years).
Eleven subjects who had no evidence of organic dementing disorders or psychiatric diseases were used as a control group (6 men, 5 women; age range 42-80 years, mean age 67.7 8 10.5 years). In this study, 6 subjects with a Clinical Dementia Rating score of 0.5 without overt dementia and psychiatric diseases were classified as having mild cognitive impairment (4 men, 2 women; age range 49-83 years, mean age 63.7 8 12.4 years), and 2 patients with psychiatric diseases (2 women aged 55 and 61, both with anxiety disorder) were also included. All subjects included in the control, mild cognitive impairment, and psychiatric disease groups had been referred to the Memory Clinic of Okayama University Hospital and met criteria from (1) to (3). To avoid selection bias, all subjects who were referred to our clinic from January 2003 to December 2006 and fulfilled those criteria, were included in this study. As a result, 77 subjects were evaluated. Informed written consent to participate in this study was obtained from each subject.
The profile of each subject (age, sex, years of education, and years of disease duration) was recorded, and the Clinical Dementia Rating score was rated by the chief clinician.
Diagnosis
All patients with AD met the criteria for probable AD formulated by the NINCDS-ADRDA [16] . AD patients with evidence of stroke, as determined either by history or imaging findings, were excluded. All patients with VaD met the criteria for probable VaD formulated by the NINDS-AIREN [17] . All VaD subjects had multiple lacunar infarcts of the basal gray matter and/or thalamus, in addition to periventricular and deep white matter lesions. FTD was diagnosed according to the international consensus criteria for frontotemporal lobar degeneration [18] . No patient fit the criteria for semantic dementia or progressive nonfluent aphasia. All patients with DLB met the criteria for probable DLB formulated by McKeith et al. [19] .
Wisconsin Card Sorting Test
As a result of the long time required for administration of the original WCST and the refusal of some patients to complete the test due to frustration or fatigue, a number of modifications of the WCST have been developed [20] . We used Nelson's version with 48 (2 ! 24) response cards that share one -and only one -attribute with the stimulus cards [6] . Patients were not informed of the correct sorting principle, nor were they told when the principle would shift during the test, but they were informed of the 3 possible categories before testing. The patients were required to determine which one was correct based solely on the feedback that indicated whether each response was right or wrong. When the patient maintained a correct progression through 6 trials, the rule was changed without warning. The testing in this study continued until 48 cards were sorted [21] . The following indices were considered in the evaluation of results: (1) CA: number of categories achieved by the subject; (2) PEN: perseverative errors score of the Nelson type (a perseverative error constituted a persistently repeated response in accordance with the patient's initial preference or a card sorting that would have been correct in the immediately preceding stage or in the first stage).
Brain Perfusion SPECT Imaging
All subjects were examined by brain perfusion SPECT. The SPECT scans were performed on the same day as the WCST test in 51 subjects. In the other 26 subjects, the SPECT scans were performed within 2 weeks of the WCST test. Patients were examined in a comfortable supine position with their eyes closed in quiet surroundings. First, the passage from the heart to the brain was monitored after intravenous administration of 99mTc-ethylcysteinate dimer (ECD, 600 MBq; Daiichi Radioisotope Laboratories, Tokyo, Japan). Ten minutes after angiography, SPECT images were obtained using a triple-head, rotating gamma camera interfaced to a minicomputer (GCA9300A/DI; Toshiba, Tokyo, Japan), equipped with a fanbeam, low-energy, high-resolution collimator. Data acquisition of 60 projection images over a 360° angle in a 128 ! 128 matrix was performed. All images were reconstructed using ramp-filtered back-projection and then 3-dimensionally smoothed with a Butterworth filter (order 8, cutoff 0.12 cycles/cm). Reconstructed images were corrected for gamma ray attenuation using the Chang method ( = 0.09).
To quantify the rCBF, the Patlak plot method [22, 23] was employed on [99mTc]-ECD cerebral blood perfusion SPECT to measure the mean CBF.
3DSRT
The rCBF was quantified using the fully automated rCBF quantification software program 3DSRT [8, 9] . There are 318 ROIs in each hemisphere in 3DSRT, that is, 636 ROIs in total. These 636 ROIs are categorized into 12 segments in the 3DSRT template: the callosomarginal, precentral, central, parietal, angular, temporal, posterior cerebral, pericallosal, lenticular nucleus, thalamus, hippocampal, and cerebellar segments [9] . In this study, the results are expressed as the mean 8 SD of CBF in these segments.
Statistical Analysis
Statistical analysis was performed using the SPSS 14.0J software program (SPSS, Chicago, Ill., USA). The correlation of WCST scores to MMSE scores, FAB scores, and rCBF was examined by Spearman's correlation coefficient. Stepwise multiple regression analysis was employed to analyze the contribution of rCBF, age, sex and years of education to the WCST scores. To avoid multiple colinearity, severity of dementia, diagnosis and duration of illness were not included in the stepwise multiple regression analysis. Statistical significance was set at p ! 0.05.
Results
Correlation of CA and PEN Scores to Clinical Characteristics and Other Test Scores
Correlations between test scores (CA and PEN scores of WCST, MMSE and FAB) and patient profiles (age, education and duration of illness) were evaluated by Spearman's correlation coefficient ( table 2 ) . There was only a weak (0.2 ! r ! 0.4) correlation between CA and PEN scores and age (CA scores and age r = -0.228, PEN scores and age r = 0.394). MMSE and FAB scores had no significant correlation with age, education or duration of illness. CA and PEN scores showed a moderate correlation to MMSE and FAB scores (CA scores and MMSE r = 0.625, CA scores and FAB r = 0.557, PEN scores and MMSE r = -0.544, PEN scores and FAB r = -0.509). CA scores showed a strong correlation to PEN scores (r = -0.811).
Correlation of CA and PEN Scores to rCBF
Correlations between CA and FAB scores and rCBF were evaluated by Spearman's correlation coefficient ( table 3 ) 
Discussion
WCST and rCBF in AD and Other Neurodegenerative Diseases
Previous neuroimaging studies have shown that analysis of the correlations between cognitive performance and resting cerebral metabolism and blood flow is a sensitive method to unravel the neural substrates of cognitive impairments [24] [25] [26] . Functional neuroimaging studies have confirmed the involvement of the prefrontal cortex during the performance of the WCST among cognitively normal subjects [10] [11] [12] . In this study, CA scores of the WCST reflect mainly the rCBF of the prefrontal segments, especially the left side in mild dementia. The result is consistent with previous reports [7, 27, 28] .
As far as we could find, there has been only one study on the relationship between WCST scores and rCBF in dememtia [21] . Nagahama et al. [21] reported that the PEN score was associated with reduced rCBF in the rostrodorsal prefrontal cortex among dementia patients. For other neurodegenerative diseases, there has been little research on the relationship between scores of the WCST and rCBF. Matsui et al. [29] showed that CA and PEN scores significantly correlated with perfusion of the left posterior cingulate cortex in Parkinson's disease. In this study, PEN scores of the WCST mainly reflect the rCBF in the right thalamus. These results were not consistent, and we could not categorize a consistent relationship between PEN scores of the WCST and rCBF. In the study of Matsui et al., patients with Parkinson's disease were evaluated, and in the study of Nagahama et al., most patients (63/72) consisted of mild cognitive impairment and AD cases. In such studies, patients affected by various diseases were included so the disease variety might have affected the results. Additionally, Nagahama et al. evaluated correlations between the rCBF in several predetermined prefrontal regions and the WCST error scores. Therefore, the relationship between the rCBF in other regions and the WCST scores was not evaluated.
Executive Dysfunction and Thalamus
In this study, PEN scores of the WCST mainly reflected the rCBF in the right thalamus. The correlation coef- ficiency between PEN scores and rCBF in the right thalamus was not high (r = -0.216). However, the stepwise multiple regression analysis also showed the rCBF in the right thalamus as the most important factor related to the PEN scores. Therefore, we thought that the relationship between PEN scores and rCBF in the right thalamus was not due to chance alone.
We examined the previous studies in which the relationship of the WCST score with rCBF in the thalamus was discussed. According to a functional MRI study during performance of the WCST, there were significant activity increases, bilaterally, in the lateral prefrontal cortex, posterior prefrontal cortex, caudate nucleus, and dorsal thalamus in normal subjects while receiving negative feedback [7] . Yang et al. [30] found significant correlations between WCST scores and rCBF in the prefrontal lobes and thalamic and cerebellar regions in schizophrenia patients by SPECT imaging during WCST performance. Lacerda et al. [31] showed that PEN scores of WCST correlated negatively with rCBF only in the right thalamus in obsessive-compulsive disorder. A close relationship between thalamic lesions and executive dysfunction has been also reported in cerebrovascular disease [32, 33] .
The thalamus is the final subcortical gatekeeper to the frontal cortex and stimulates corticofrontal output, playing a crucial role in the processing of sensory inputs and almost all interactions among cortical, subcortical and brainstem nuclei. This enables the thalamus to mediate both behavior and cognition. Thalamic lesions have been associated with deficits in executive function, alone or in combination with memory loss, similar to abnormalities following damage to the prefrontal cortex [31] .
The CA score of the WCST mainly reflects the rCBF of the precentral segments, especially the left side, whereas hypoperfusion in the thalamus was related to lower PEN scores in mild dementia. CA and PEN scores, we suppose, might be based on the somewhat different neural substrates and reflect somewhat different cognitive functions. The results suggest that CA scores and PEN scores should be differentially estimated in the WCST.
Limitations
The results in this study should be interpreted in the light of some limitations. Firstly, this is a clinic-based study rather than a field study. Therefore, the sample is large, but not necessarily representative of all dementia patients. Secondly, the low spatial resolution of SPECT scans may limit detection of alterations in small regions, thus increasing the risk of false negatives and interference from surrounding regions as well [31] .
Conclusion
We evaluated the correlation between rCBF and scores of the WCST in mild dementia. The CA score of the WCST mainly reflects the rCBF of the precentral segments, especially on the left side, whereas hypoperfusion in the thalamus was related to lower PEN scores in mild dementia. The results suggest that CA scores and PEN scores should be differentially estimated in the WCST.
